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Confining gauge theories contain glueballs and mesons with arbitrary spin, and these particles
become metastable at large N . However, metastable higher spin particles, when coupled to gravity,
are in conflict with causality. This tension can be avoided only if the gravitational interaction is
accompanied by interactions involving other higher spin states well below the Planck scale Mpl.
These higher spin states can come from either the QCD sector or the gravity sector, but both these
resolutions have some surprising implications. For example, QCD states can resolve the problem
only if there is a non-trivial mixing between the QCD sector and the gravity sector, requiring all
particles to interact with glueballs at tree-level. If gravity sector states restore causality, any weakly
coupled UV completion of the gravity-sector must have many stringy features, with an upper bound
on the string scale. Under the assumption that gravity is weakly coupled, both scenarios imply that
the theory has a stringy description above N & Mpl
ΛQCD
, where ΛQCD is the confinement scale.
Introduction.— In the early days of quantum chromo-
dynamics (QCD), ’t Hooft pointed out that there is an
unconventional systematic expansion obtained by taking
the number of colors N → ∞ and the gauge coupling
g → 0 with ’t Hooft coupling λ = g2N = fixed [1, 2].
Any such confining gauge theory is characterized by a
confinement scale ΛQCD where the ’t Hooft coupling be-
comes strong. This scale determines the characteristic
mass and physical size of generic hadrons bound together
by the confining force.
It has been long believed that the confinement persists
even at large N . This assumption leads to a classic result
about the scaling of the correlators or scattering ampli-
tudes of mesons (pi) and glueballs (G) in the large N limit
(in the absence of gravity) [1–3]
〈G1 · · ·Gnpi1 · · ·pip〉 ∼ 1
Nn+
p
2−1−δp,0
, (1)
where amplitudes for free propagation are normalized so
that they are independent of N . Therefore, the lifetime of
a meson is rather long ∼ O(N). Glueballs are even more
stable with typical lifetime of order O(N2). Furthermore,
it is expected that QCD contains glueballs and mesons of
spin J > 2. On physical grounds, this is obvious since it
is possible to construct color singlet states with arbitrary
spin by spinning quarks and gluons. The scaling relation
(1) immediately implies that in the exact N = ∞ limit
these higher spin mesons and glueballs behave as stable
particles that are free and non-interacting.
However, gravitational interactions of higher spin par-
ticles are strongly constrained by causality [4–6]. In par-
ticular, a recent theorem on metastable higher spin par-
ticles seems to suggest that glueballs or mesons of spin
J > 2 when coupled to gravity can be used to send sig-
nals outside of the lightcone [6]. In this Letter, we discuss
how this tension between causality and confining large N
gauge theories in 3 + 1 dimensions can be resolved. We
discuss two classes of resolutions: (I) gauge theory states
might resolve this tension via a mixing with gravity or
(II) new gravity sector states could remove the problem.
Scenario (I) is certainly the more conservative resolution,
as it does not involve any new states. However, for it to
work a tower of spin-2 glueballs must remove causality
violation due to pure graviton exchange between higher
spin glueballs. We believe this possibility merits further
investigation, since the second scenario would have pro-
found implications.
Causality.— The theorem of [6] leverages recent ad-
vances constraining quantum field theories (QFTs) from
causality [4, 5, 7–22]. The main idea parallels the philoso-
phy of [23] which demonstrated that there are Wilsonian
effective field theories without a consistent UV comple-
tion.
FIG. 1. This Feynman diagram in large N QCD is incon-
sistent with causality for J ≥ 3 unless it is accompanied by
an infinite tower of additional higher spin exchanges with un-
bounded spin. The same is true for mesons as well.
In QFT, the eikonal phase-shift δ(s,~b), where ~b is the
impact parameter, plays a crucial role since it is closely
related to the Shapiro time-delay. In particular, causality
requires that (i) δ(s,~b) cannot grow faster than s, (ii)
when δ(s,~b) grows as s it must be non-negative [9]. This
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2imposes constraints on the scattering amplitude A(s, t)
of the 2 → 2 scattering GJhµν → GJhµν , where hµν is
the graviton and GJ is any glueball in large N QCD with
spin J ≥ 3. It is a well-known fact that only t-channel
poles of A(s, t) contribute to the phase-shift. For weakly
coupled gravity, A(s, t) is a meromorphic function with
simple poles only at locations corresponding to particles
in the theory. Thus, A(s, t) must have a simple pole at
t = 0 which represents a graviton exchange. However,
the contribution of the graviton pole to the phase-shift
is inconsistent with the positivity condition δ(s,~b) ≥ 0
because of interference effects [4, 6]. This implies that
the Feynman diagram 1 for J ≥ 3, by itself, is at odds
with causality.
The bounds from [6], when applied to glueballs of large
N QCD, imply that this causality violation can only be
avoided if the scattering amplitude A(s, t) has other t-
channel poles that correspond to higher spin (J ≥ 3)
states with an upper bound on the the mass ΛHS of the
lightest higher spin t-channel pole [24]:
ΛHS . ΛQCD
(
Mpl
NΛQCD
)γ
N . Mpl
ΛQCD
,
ΛHS . ΛQCD N &
Mpl
ΛQCD
, (2)
where 0 ≤ γ ≤ 12 . The fractional power of Mpl/NΛQCD
in equation (2) arises because of interference effects [6].
However, the exact value of γ depends on form-factors
and the knowledge of the spectrum and cannot be fixed
by our argument. Moreover, causality necessarily requires
that the Feynman diagram 1 must be accompanied by an
infinite tower of higher spin exchanges with unbounded
spin [4, 9, 25].
Since we do not know the relevant form-factors, we
cannot determine a numerical definition of large N above
which the bound (2) holds. Nevertheless, it must hold
for sufficiently large but finite N in any specific confining
gauge theory in 3 + 1 dimensions.
Therefore, at this stage we conclude that there are two
ways the conflict between large N QCD and causality
can be resolved:
(I) Glueball states – The scattering amplitude A(s, t)
has additional t-channel poles exactly at locations
of other glueballs.
(II) Gravity states – The scattering amplitude A(s, t)
develops new t-channel poles that represent higher
spin states in the gravity sector.
Of course, the lightest higher spin t-channel pole must
obey the bound (2) in both cases. For the remainder of
this Letter, we will elaborate on these resolutions and
argue that both have surprising implications.
(I) Causality Restoration by Glueball States. —
At first sight, it seems counter-intuitive to imagine that
the gauge sector will remedy causality violations that are
due to the graviton exchange. After all, we can replace the
external gravitons by any other particle which is not in
the QCD sector and the same problem persists. However,
more careful consideration supports this possibility.
When large N QCD is coupled to gravity, the scaling
of matrix elements of glueballs with the graviton hµν are,
in general, given by
〈G1 · · ·Gnh1 · · ·hm〉 ∼ 1
Nn−2Mmpl
. (3)
First, note that off-diagonal matrix elements 〈GG′hµν〉
between distinct glueballs may be present without any
1/N suppression. More importantly, all matrix elements
with a single glueball and one or more gravitons can be
N -enhanced
〈GJhµν〉 ∼ N
Mpl
, 〈GJhµ1ν1hµ2ν2〉 ∼
N
M2pl
, · · · (4)
unless they are tuned to be zero. The first matrix ele-
ment represents a kinetic mixing between glueballs and
the graviton. Of course, it is non-vanishing only when
the graviton is off-shell and away from the soft-limit.
Moreover, Lorentz invariance only allows mixing between
spin-2 glueballs and the graviton [26]. The second matrix
element corresponds to the decay of a glueball into two
gravitons. These interactions are not part of our usual
thinking about QCD, however, they can restore causal-
ity in the large N limit.
The presence of an infinite set of 〈GJhµ1ν1hµ2ν2〉 im-
mediately implies that the scattering amplitude A(s, t),
at the order 1/M2pl, has additional t-channel poles at lo-
cations of other glueballs. Since glueballs have mass of
parametric order ΛQCD, these glueball poles obey the
bound (2) implying that they can make A(s, t) consis-
tent with causality.
On the other hand, in the presence of other non-QCD
sectors, the kinetic mixing 〈GJhµν〉 is necessary in order
to make large N QCD causal without modifying the grav-
ity sector. For example, the non-QCD sector could just be
a free particle with only gravitational interactions. One
can replace the external gravitons in figure 1 by any other
particle X (with or without spin) and extend the argu-
ment of [6] to conclude that the corresponding amplitude
GJX → GJX must obey the same bound (2). However,
now the causality violation can be avoided if there is a
t-channel pole below ΛHS with spin J ≥ 2 [27]. The ki-
netic mixing term of (4), if present, generates effective
on-shell amplitudes 〈XXGJ=2〉 ∼ N/M2pl for all X. The
effective interactions 〈XXGJ=2〉, in principle, can make
the amplitude GJX → GJX causal. Furthermore, the
graviton-glueball kinetic mixing is also required in order
to generate effective three-point amplitudes of glueballs
〈GJG′J′GJ=2〉 ∼
N
M2pl
. (5)
3In contrast to the canonical large N scaling (1), this con-
tribution is enhanced at large N . This N -enhancement
can, in principle, make the amplitude GJG
′
J′ → GJG′J′
consistent with causality even for N & MplΛQCD .
One might think of criticizing this solution on the
grounds that massive spin-2 interactions are known to be
highly constrained [9, 19, 28–37]. Moreover, in certain sit-
uations, as discussed in [9], they can introduce additional
causality violations. Thus, we do not know whether, and
in what way, including a sum of spin-2 particles in the t-
channel, can definitely save causality. We wish to empha-
size that a better understanding of causality constraints
when the graviton exchange is accompanied by a spin-
2 tower would have important implications for large N
QCD.
So, the causality violations caused by the graviton can
be resolved by the glueball states only if the IR inter-
actions (4) of glueballs take a specific form [38]. In this
scenario, the coefficients of higher dimensional operators
(4) in the IR effective theory are tightly constrained by
causality. From the UV perspective, this IR ‘fine tun-
ing’ is unavoidable (but may be automatic from the UV
Lagrangian). Whereas, from the IR perspective, it may
appear that there has been a miraculous cancellation be-
tween the gravity sector and the QCD sector. Any low-
energy terms that change these higher dimensional oper-
ators necessarily require new states in the gravity sector.
Spectating particles and classical shockwaves. — The
non-trivial mixing between the gauge sector and the grav-
ity sector due to (4) cannot fix causality violation when
spectating particles (with or without spin) are present
in the theory. Because of the kinetic mixing, the mean-
ing of “spectating” particles is not obvious, so let us
first give it a definite meaning. The scattering amplitude
ψGJ → ψGJ of a spectating particle ψ has t-channel
poles only at the location of the graviton and other parti-
cles in the gravity sector (if any). Equivalently, spectating
particles can be defined as particles that can be used to
create classical (or stringy) gravitational shockwaves. Of
course, when mixing terms of (4) are present, spectating
particles are not the same as free particles. Furthermore,
the preceding discussion implies that spectating parti-
cles, if present, lead to causality violations that can not
be resolved by glueball states. Hence, spectating parti-
cles are ruled out unless we introduce new states in the
gravity sector.
Free massless spin 32 particles are ruled out. — We
now consider the scattering process GJX3/2 → GJX3/2,
where X3/2 is a free massless spin
3
2 particle [39]. We
can define a 2 × 2 phase-shift matrix δ±,±, where +
and − represent two helicities of the incoming and out-
going X3/2. Causality implies that δ must be positive
semi-definite which necessarily requires δ++, δ−− ≥ 0.
An argument similar to the Weinberg-Witten theorem
[40] ensures that the effective couplings 〈X+X+GJ=2〉 =
〈X−X−GJ=2〉 = 0 because of angular momentum con-
servation, even when the mixing terms of (4) are present
[41]. Moreover, other higher spin (J ≥ 3) glueballs do
not contribute as well since particle X3/2 is free. This
implies that glueball states cannot make the scattering
process GJX3/2 → GJX3/2 causal. Thus, any theory of
large N QCD along with free massless spin 32 particles is
inconsistent with causality unless there exist higher spin
states in the gravity sector obeying (2).
The regime N & MplΛQCD . — It follows from (4) that
glueballs and mesons, in the presence of gravity, be-
come more and more unstable as we increase N keeping
Mpl/ΛQCD fixed. Furthermore, as N ∼ MplΛQCD , the mix-
ing between the QCD and the gravity sectors become
significantly large. In particular, consider the scattering
process hh→ hh which now receives contributions at the
order 1/M2pl from higher spin glueball exchanges because
of interactions (4). If gravity is still weakly coupled, the
theorem of [25] implies that the resulting theory has a
consistent S-matrix only if glueball states organize them-
selves into Regge trajectories that asymptotically coin-
cide with the tree-level string theory spectrum, where
the effective string scale is given by ΛQCD [6] [42]. Thus,
the gravity-sector of the theory, if weakly coupled, has
a natural description in terms of strings for N & MplΛQCD .
Moreover, in this regime, it is tempting to interpret glue-
balls as effective excitations of closed strings [43].
(II) Causality Restoration by Gravity States. —
We might instead resolve the causality problem caused
by the graviton by modifying the gravity sector. In fact,
there are some plausible-seeming situations where it is
the only way to restore causality:
(i) Phenomenologically one may choose to add higher
dimensional operators in the IR effective theory
that modify some of the interactions (4).
(ii) Interactions (4) are present but do not actually
solve the causality problem by itself.
(iii) Spectating particles (whose scattering amplitudes
only have gravity-sector poles) are present.
(iv) A free massless spin 32 particle is present.
Again consider the scattering amplitude A(s, t) of the
process GJhµν → GJhµν . Now, the causality violation
due to the graviton pole is fixed by new t-channel poles
that should be regarded as higher spin states in the grav-
ity sector. Hence, metastable higher-spin glueballs (or
mesons) in 3 + 1 dimensions can couple to gravity while
preserving causality if there exist higher spin states in
the gravitational sector well below the Planck scale Mpl.
Furthermore, inequalities (2) now impose a bound on the
mass ΛHS of the lightest higher spin particle in the grav-
ity sector.
The existence of these new gravitational states implies
that for N & MplΛQCD the QFT approximation breaks down
4at the scale of ΛQCD and hence even in this scenario
we do not have a QCD theory in the traditional sense.
Note that N & MplΛQCD is precisely the regime in which the
gravitational interaction between glueballs is no longer
weaker than the gauge interaction [59].
UV completion. — This resolution has profound impli-
cations that stem from the fact that theories with higher
spin exchanges are highly constrained by S-matrix con-
sistency conditions [9, 25]. First of all, any four-point am-
plitude with a finite number of higher spin exchanges is
inconsistent with causality since a spin-J exchange pro-
duces a phase shift δ ∼ sJ−1. Thus, in this scenario,
the gravity sector necessarily contains the graviton and
an infinite tower of higher spin particles above ΛHS with
unbounded spin [60]. Furthermore, we assume that the
gravity-sector of the underlying UV complete theory is
weakly coupled and has a healthy thermodynamic limit.
This implies that the gravity spectrum does not have
an accumulation point and the gravitational scattering
amplitude is a meromorphic function with simple poles
obeying unitarity, causality, and crossing symmetry. Now
invoking the theorems of [6, 25] we conclude that the full
gravity sector must contain infinite towers of Regge tra-
jectories that are asymptotically parallel, linear, and eq-
uispaced. In particular, the gravitational scattering am-
plitude in the regime t, s→∞ (such that all intermediate
scales decouple) must coincide with the tree-level four-
point amplitude of fundamental closed strings [6, 25, 61]
lim
s,t1
Agravity(s, t) = A0e
−α′2 (u lnu+s ln s+t ln t) , (6)
where the Regge slope is α′ ≈ 1
Λ2HS
. The above amplitude
has the feature that the inelastic part even for large im-
pact parameter is non-zero and consistent with the pro-
duction of long strings. Thus, in this scenario ΛHS should
be identified as the string scale Mstring ≈ ΛHS. This is
perfectly consistent with the fact that infinite towers of
higher spin states in string theory have a well behaved
S-matrix which respects asymptotic causality [62–67].
Therefore, when gravity states restore causality of a
confining large N gauge theory, any weakly coupled UV
completion of the resulting theory must have a gravity
sector with many of the properties of fundamental strings
[68]. The bound (2), in the present context, has a natural
interpretation as a bound on the string scale. The claimed
bound on the string scale, as summarized in figure 2, ap-
pears quite surprising. For example, even a conservative
estimate of (2) implies a parametric bound
Mstring .
√
MplΛQCD/N when N .
Mpl
ΛQCD
(7)
but sufficiently large. On the other hand, Mstring must
be at or below ΛQCD for N & MplΛQCD , where scenarios (I)
and (II) become practically indistinguishable.
FIG. 2. A schematic exclusion plot for the string scale
Mstring ≈ ΛHS as a function of N when gravity states are
restoring causality. The solid blue line represents the bound
(2) for γ = 1/2, where the shaded region is ruled out by
causality. For γ < 1/2, the bound asymptotes to 1 at a faster
rate. The dashed black line corresponds to an (unknown) large
but finite value of N above which our bounds hold.
The above predictions are rather surprising, so one may
try to find counter-examples to conclusively rule out the
scenario (II). At first sight, the bound (7) seems to be
in tension with the heterotic string theory. For example,
one can start with heterotic strings in 10d and study
compactification to 4d Minkowski space with N = 2
supersymmetry [69]. In this construction, ΛQCD/Mstring
is non-perturbatively small in the string coupling and
hence appears to violate (7). However, these types of con-
structions can only provide a confining gauge theory cou-
pled to gravity with N up to order 10. There are other
string constructions with similar features that can lead
to slightly higher N , see [70] for example. It is not actu-
ally a contradiction because our bound is applicable only
above some large but finite N , where the N -cutoff is the-
ory dependent but should not depend on various scales
such as Mpl, ΛQCD or ΛHS. Unfortunately, our argument
is too general to say anything more about what N is large
enough for our bound to apply. Nevertheless, we are not
aware of any construction where N is arbitrarily large
providing a concrete counter-example.
At this stage, one may propose a natural question:
what’s the largest gauge group for a confining gauge the-
ory coupled to gravity obtained from an explicit string
construction?
Conclusions.— Metastable higher-spin glueballs in
four spacetime dimensions are only consistent with
causality when other higher spin states contribute to
gravitational scattering amplitudes [71] [72]. We have ar-
gued for an upper bound on the mass ΛHS of the lightest
higher spin state required for the preservation of causal-
ity. These higher spin states can come from the glueball
5sector which requires a non-trivial mixing between QCD
and gravity. This rules out the existence of spectating
particles that create classical shockwaves and massless
free spin- 32 particles. Causality can also be restored by a
stringy gravity sector in which case we obtain a surpris-
ingly strong bound on the string scale. A unifying feature
of both these resolutions is that for large N & MplΛQCD the
gravity-sector of the resulting theory, if weakly coupled,
only has a stringy description with the string scale at or
below ΛQCD. It would be valuable to improve our under-
standing of causality constraints involving towers of spin
2 particles, as this could impose additional constraints
on glueball-graviton interactions.
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